Infectious virus assays and PCR amplification of DNA and RNA were used to investigate herpes simplex virus (HSV) DNA replication and gene expression in the rabbit corneal model for virus reactivation in vivo. We used carefully defined latency-associated transcript-negative (IAT-) and LAT+ promoter mutants of the 17syn+ strain of HSV type 1. In agreement with earlier studies using a more extensive LAT-deletion mutant, the 17APst(LAT-) virus reactivated with extremely low frequency upon epinephrine induction. In contrast to our findings with murine latency models, amounts of viral DNA recovered from rabbit ganglia latently infected with either LAT+ or LAT-virus were equivalent. Also in contrast with the murine models, no net increase in viral DNA was seen in latently infected rabbit trigeminal ganglia induced to reactivate in vivo by iontophoresis of epinephrine. Despite this, transcription of lytic-phase genes could be detected within 4 h following induction of rabbits latently infected with either LAT+ or LAT-virus; this transcription diminished by 16 h following induction. These results are discussed in relation to models for the mechanism of action of HSV LAT. General features of herpes simplex virus type 1 (HSV-1) latent infection in and reactivation from sensory ganglia are described in the introduction to the accompanying report (3). With respect to trigeminal ganglia, initial infection of areas supplied by branches of the trigeminal nerve results in a productive infection in which virus enters associated nerve axons, migrates to the ganglia, and establishes a latent infection. Virus gene expression is highly restricted during the latent phase of infection; only the latency-associated transcripts (LATs) are expressed (see references 7 and 17 for reviews). Reactivation of HSV from ganglia results in the appearance of infectious virus at the site of initial primary infection.
General features of herpes simplex virus type 1 (HSV-1) latent infection in and reactivation from sensory ganglia are described in the introduction to the accompanying report (3) . With respect to trigeminal ganglia, initial infection of areas supplied by branches of the trigeminal nerve results in a productive infection in which virus enters associated nerve axons, migrates to the ganglia, and establishes a latent infection. Virus gene expression is highly restricted during the latent phase of infection; only the latency-associated transcripts (LATs) are expressed (see references 7 and 17 for reviews). Reactivation of HSV from ganglia results in the appearance of infectious virus at the site of initial primary infection.
The rabbit eye model has been extensively studied with respect to the pathogenesis of HSV. In this model, latent infection of the trigeminal ganglia can be established with some convenience, especially with the 17syn+ and McKrae strains of virus, and epinephrine-induced viral reactivation can be monitored by the ability to recover virus in tear film (6, (9) (10) (11) . In previous studies with an extensive deletion of the promoter and 5' regions of the LAT unit resulting in a LATvirus (mutant X10-13), we found that efficient epinephrineinduced reactivation of HSV in this model requires the expression of LATs (12) . This observation has been confirmed by others (19) , and recently it has been reported that the HSV-2 homolog of LAT is also strongly correlated with in vivo reactivation in the guinea pig model (12a) . It is not yet fully known which portion of the latent-phase transcription unit is involved in reactivation; however, it is quite clear that the active area lies outside the open translational reading frame within the stable introns generated by processing of the 8.5-kb primary LAT during latent infection (6) .
Irrespective of the specific mechanism by which HSV LATs facilitate reactivation, extensive expression of viral genes is an obvious result of the process. Consequently, it is important to assess the qualitative and quantitative features of transcription and replication of the viral genome during reactivation. This report describes initial studies concerning the molecular analyses of HSV-1 DNA levels and viral gene expression during in vivo reactivation in the rabbit model, using the defined LAT expression mutants of strain 17syn+ previously used in the murine system (3) .
Rabbits latently infected with the precisely defined LAT promoter mutation 17APst exhibited significantly reduced frequencies of both epinephrine-induced and spontaneous ocular shedding of virus compared to both wild-type (wt) 17syn+ and LAT+ rescuant viruses. This confirms finding and extends previous conclusions that the HSV LATs have a clearly defined role in reactivation in vivo (12) .
A number of lytic-phase HSV transcripts could be detected in reactivating ganglia within 8 h after induction; the levels of these transcripts subsequently declined, while in contrast, viral DNA replication was not detectable. These results suggest that virus is produced but does not persist and/or does not initiate appreciable productive infection in the nerve ganglia during the period of reactivation. No significant differences in levels or timing of appearance of productive-cycle transcripts were seen following induction of rabbits latently infected with either LAT+ or LAT-virus. Such observations are not consistent with in vivo reactivation models hypothesizing a total restriction of virus gene expression and replication in neurons transitorily overcome by LAT expression or a LAT-encoded product. Some appropriate models for in vivo reactivation in the rabbit eye model and their relationship to the in vitro process studied in murine systems are discussed in relation to these data. (3) . The general use of these viruses in latency studies has been described previously (5, 16, 20) .
Latent infections and induced reactivation of rabbit trigeminal ganglia. Methods used for establishing and reactivating latent infections in rabbit trigeminal ganglia have been described elsewhere (2, 9, 10, 12, 20 (Table 1) . Two-tailed chi-square analysis of the data for individual rabbits indicated that the differences in frequency of reactivation between either the wt or 17Pr(LAT+) rescuant virus and the 17zvPst(LAT-) mutant were significant (Table 1) . This is in contrast to the situation reported for a more extensive deletion of the LAT promoter region (X10-13) compared with its rescuant (XC-20) (12 a Animals are the ones scored for spontaneous reactivation in Table 1 ; those in the same experiment were inoculated at the same time with the two viruses. Details are given in the text. P values determined by two-tailed chi-square analysis were as follows: 17APst(LAT-) versus wt 17syn+, 0.0019 (rabbits) and 0.00001 (eyes); 17Pr(LAT+) versus wt 17syn+, 0.8165 (rabbits) and 1.000 (eyes); and 17APst(LAT-) versus 17Pr(LAT+), 0.0006 (rabbits) and ().00001 (eyes).
b lontophoresis was once a day for 3 consecutive days starting at 45 days postinfection. Eye swabs were taken daily for 7 to 9 days following the first iontophoresis. ' One rabbit had a damaged eye which was not swabbed or iontophoresed. d Rabbits were sacrificed at various times after induction; only those swabbed at 16 h or longer following iontophoresis were included. See text for details. ' Values in boldface are totals.
possibility that viral DNA replication could be detected in rabbit ganglia latently infected with HSV-1 following reactivation induced by iontophoresis of epinephrine. Rabbits latently infected with either the wt 17syn+ or McKrae strain of HSV-1 were examined, since these two strains reactivate most efficiently and reproducibly in the rabbit eye model (11) . In a typical experiment, rabbit ganglia latently infected with wt 17syn+ virus were removed at 8, 32, or 56 h following iontophoresis, and DNA was extracted for analysis and subjected to PCR amplification. The specificity and sensitivity of the method used is described in the accompanying report (3) . Tissue recovery was normalized by inclusion of a primer set specific for the rabbit actin gene, which generates a 110-bp product (8, 14) . This primer set was as follows: sense, 5'-AAGATCTGGCACCACACCTT-3'; and antisense, 5'-CGA ACATGATCTGGGTCATC-3'. These primers are in the equivalent positions as those used for the murine gene in the study described in the accompanying report (3) .
A typical experiment is shown in Fig. 3 . Relative levels of HSV DNA were measured by densitometric analysis of the levels of viral and cellular DNA as shown in Table 3 . Although there was individual variation between samples, no evidence of any consistent significant increase in the levels of DNA compared with the uninduced sample was detected at any time (Fig. 3A) . Similar results were obtained with ganglia latently infected with the McKrae strain of HSV-1 (Fig. 3B) infected with equivalent amounts of either LAT+ or LATvirus. In a number of experiments carried out over an extended period, no statistically significant difference in levels of HSV DNA present in latently infected ganglia were observed, although the data cannot exclude a slight reduction in viral DNA recovered from ganglia latently infected with LATvirus. Examples of data obtained by using primer sets specific for the HSV cx27 and VP5 genes with different groups of rabbits infected with equivalent amounts of viruses at different times are shown in Fig. 4 . Using densitometry, we determined the ratios of the signal intensity for the VP5 versus the actin PCR primer products generated in the same samples for the rabbits shown in Fig. 4 and from a number of additional ganglia. The ratios were as follows: APst(LAT-) (n = 5), 1 .25 ± 0.11; wt (n = 3), 1.33 ± 0.15; and 17Pr(LAT+) rescuant (n = 3), 1 .27 ± 0.2.
A carefully controlled comparison of the amounts of viral DNA recoverable during reactivation from ganglia latently infected with either the 17APst(LAT-) or 17Pr(LAT+) recombinant virus was also carried out. Rabbits were part of those of experiment 3 shown in Tables 1 and 2 ; latent infections with LAT-virus showed the expected phenotype: no LAT-virus-infected rabbits shed virus upon epinephrine induction; on the other hand, all three rabbits infected with the LAT+ rescuant virus shed virus following induction for 48, 72, and 216 h (five of six eyes). As shown in Fig. 5 and Table 4 , within the range of experimental variation seen between individual rabbits in the experiments, no consistent difference between the relative amounts of HSV DNA recovered was seen between infections with the LAT-and LAT+ mutants. While the specific data in Fig. 5 and Table 4 are consistent with the possibility that a small transitory increase in the relative amount of viral DNA occurred at 48 and 72 h after induction, other experiments such as those shown in Fig. 3 and Table 3 do not show such an increase. Finally, the reduced recovery of DNA from ganglia harboring latent LAT -virus at the zero time point in this experiment was not seen in other experiments.
Analysis of HSV transcription following epinephrine-induced reactivation. We also investigated transcription during in vivo reactivation by analyzing RNA from latently infected rabbit trigeminal ganglia isolated at various times following epinephrine iontophoresis. We have described both the methods and the controls for use of PCR for detection of small amounts of productive-cycle transcripts in the accompanying report (3); in rabbit ganglia, the best ratio of signal to background was consistently found with use of oligo(dT)-primed cDNA. lontophoresis of latently infected rabbits resulted in the expression of low levels of productive-cycle transcripts immediately after the procedure. The maximum signal intensity was normally around 8 h following induction and declined thereafter. Ganglia latently infected with either the McKrae or 17syn+ strain of HSV-1 produced qualitatively similar results, but the signal strength was stronger following reactivation of the McKrae strain.
Examples of the data obtained are shown in Fig. 6 . PCR amplification products generated from transcripts encoding the a-ULS4 (o27), ,-UL39 (ribonucleotide reductase, large subunit), and 3_Y-UL19 (major capsid protein, VP5) genes could be detected in RNA isolated from ganglia harvested 4 and 8 h following iontophoresis, but less or none could be detected at 16 h following iontophoresis. RNA isolated from latently infected or epinephrine-induced ganglia produced readily detectable signals with the LAT-3' primer set at all times measured. Finally, as with the in vitro-reactivated murine ganglia, no signal was detected in latently infected ganglia cDNA probed with the LAT-exon primer set, but somewhat surprisingly, a weak signal could be detected in cDNA produced from RNA isolated from ganglia harvested 16 h after iontophoresis of epinephrine. Although these LAT primer sets could detect products of low-abundance late-productive-cycle In similar experiments using in situ hybridization, we detected VP5 (UL19) transcripts in McKrae strain-infected ganglia between 4 and 16 h after iontophoresis (Fig. 7) . These positive neurons were relatively rare and represented 1 to 10% of those expressing LAT. No signals could be detected in reactivation of ganglia latently infected with wt 17syn+ virus, nor could they be detected in uninduced tissue (data not shown).
We next compared transcription in reactivating ganglia which had been latently infected with 17/Pst(LAT-) or 17Pr(LAT+) virus. As in the DNA recovery experiment represented in Fig. 4 , rabbits from experiment 3 of Tables 1 and 2 were used. Ganglia were isolated at 4, 8, 16 , and 24 h following induction. Equivalent amounts of the 160-base amplified product obtained by using the LAT-3' primer set were obtained a27 with all ganglia latently infected with 17Pr(LAT+) virus, but as expected, no product was produced from oligo(dT)-primed cDNA generated from RNA isolated from ganglia latently infected with 17APst(LAT-) virus (Fig. 8A) . In contrast to these results, productive-phase transcripts (exemplified by PCR amplification of cDNA using the ot27 [UL54] and VP5 [UL19] primer sets) could be detected following induction of rabbits latently infected with either virus; the kinetics of expression were essentially the same as observed with induced reactivation of latent infections with wt virus.
Although the experimental approach used was not designed to quantitate levels of RNA detected, we did use the actin primer set to amplify cDNA from the tissue samples shown in Fig. 8A . As shown in Fig. 8B , the actin signals are essentially equivalent in all samples, in contrast to the situation with the LAT signals detected with the LAT-3' primer set. As noted, above, this type of result precludes the expression of some low-abundance lytic-phase transcript interfering with our detection of LATs. Tables 1 and 2 . Ganglia were isolated at the times shown following iontophoresis of epinephrine, and DNA was extracted and subjected to PCR amplification with the primers indicated. The actin primer set was included in samples containing the VP5 primer set as a control for tissue recovery. Exposure was overnight without intensifying screens. SS, size standards. Sizes are indicated in bases. Data from coamplification with VP5 and actin primer sets in the same sample. Experiment is shown in Fig. 5 . Values are arbitrary units.
DISCUSSION
Data from use of a well-defined deletion in the LAT promoter presented here confirm our earlier conclusions that LAT plays a major role in facilitating epinephrine-induced reactivation of the virus in the rabbit eye model (12) . Also as observed before, there is a level of spontaneous reactivation of LAT- As expected, we were readily able to detect LAT expression in ganglia during latent and reactivating infection; this result is the same as that seen in murine explant reactivation. The fact that the LAT promoter deletion mutant did not express any measurable LAT signal at any time following induction confirms the fact that the primer sets used are specific for latent-phase transcripts. Since the PCR signal intensity did not change appreciably during the reactivation period, we conclude that most latently infected cells do not change their ability to express LAT during these processes. We were, however, surprised that we could detect the signal expected from the spliced product of the primary LAT with use of the LAT-exon primer set late in the reactivation process in rabbits, while we could not see it in explanted murine ganglia (3) . a * w 0 * r : : difficult, but the presence of this transcript in concert with the limited wave of productive-cycle transcription seen at earlier times makes it tempting to speculate that a number of neurons are reestablishing latent phase transcription patterns by the 16-h time point.
The complete lack of amplified product generated from oligo(dT)-primed cDNA made from RNA isolated from ganglia latently infected with 17APst(LAT-) virus when the LAT-3' primer set was used (Fig. 8) is consistent with and extends the sensitivity of the in situ hybridization data in Fig. 1 . This absence of measurable transcription throughout the region encompassed by the primary LAT confirms our earlier conclusions that any other latent-phase promoters functioning between the 5' end and polyadenylation signal of the primary LAT must either require the functional LAT promoter or be of very much lower activity than the LAT promoter itself (5, 15) .
The low levels of productive-cycle transcripts detected following epinephrine induction suggest, as in the murine situation, that most cells harboring viral genomes do not enter the productive cycle. This conclusion is also supported by our morphologic studies, in which only a small proportion of neurons expressing LAT were induced to express VP5 transcripts (Fig. 7) . A course of in vivo reactivation most consistent with the data is one in which only a few latently infected neurons quickly begin a productive infection cycle and an unknown fraction of these go on to produce infectious virus which is cleared from the ganglia. This course of reactivation is consistent with the murine in vitro models examined previously (3), but as noted above, it diverges in that in the latter situation, some virus produced during these very early events persists in the ganglia and can initiate productive infection in other neurons; this does not occur in rabbits in vivo.
Although LAT expression and any functions encoded by it are essential for efficient induced reactivation and for the highest frequency of spontaneous ocular shedding, in a number of experiments, there was no consistent measurable difference in the amount of viral DNA recovered from ganglia latently infected with LAT-virus compared with either wt or LAT+ rescuant virus (Fig. 4 and 5) . Further, no difference in gene expression between LAT-and LAT+ viruses in induced reactivation could be demonstrated (Fig. 8A) . A significant difference in lytic transcription during reactivation of LAT+ and LAT-viruses would be expected if a LAT-mediated process were involved in overcoming a total neuronal restriction of viral gene expression. For this reason, the data presented here allow us to exclude such models.
From the data presented above, it is clear that the influence of LATs in other events associated with the reactivation process must be considered. It is possible that the transcriptional events that we have studied either are not directly related to the reactivation process or, as seems more likely, occur at a stage of reactivation other than that sensitive to LAT expression. In other words, during reactivation, LAT may mediate expression of genes other than those studied here, or it might influence the efficiency of virus replication in other tissue. For example, it could be posited that there is a restriction of LAT-virus replication in a critical subpopulation of sensory neurons or in peripheral tissue in which reactivated virus first replicates. In the latter case, sensitivity to J. VIROL. Tables I and 2 ; ganglia were isolated at the times shown following iontophoresis of epinephrine, and RNA was extracted. RNA was used to generate oligo(dT)-primed cDNA, which was subjected to PCR amplification with the primers indicated. Exposure was overnight at -70°C with intensifying screens. (B) Identical samples were amplified with LAT-3' and actin primers in parallel experiments to confirm the equivalence of tissue recovery in all samples. SS, size standards. Sizes are indicated in bases.
LAT expression could be related to the low multiplicity of virus infection initially involved in the reactivation process.
Whatever the explanation may be, it is clear from our data that the LATs do play a significant role in the reactivation process in the rabbit model. In addition, we have shown that viral gene expression occurs at early time intervals in sensory neurons of rabbits induced to reactivate the virus. The methods and approaches outlined here should be directly applicable to other in vivo models as well.
